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Abstract  -  ]’he ejject  or very low dose rates oJd
cqliiv[tletlce of high- tettlpet-atu  r-e irtodir7 tim (rt(’
itl~)estigatecl fc]r sevctu[ device types thnl ow .yen.yitive to
etl}mticed [o ~v dose-t-cite dcmqe, Ne\v res[~ [IS are iriclu[ied
at 0.001 rml(Si)/s.

Intro dl{c[io)l

~’hc increased ciamagc e.xhibitec] by  some
types of bipolar devices under low dose-rate
conditions is extre[nc]y important for sp:icc
applications. Several laboratories have investi-
~:ltcd  this phenomenon cluring the las[  t h r e e
years.[ 1 -6] llnbancect  damage h a s  been
observed in a number of different circuits and
clevice  technologies, and work is contirluing  to
better  undcl-starld  the urlclerlying  mechan i sms ,
“]’}lLts f:ir no practical a]terilativc  to ]OW  clos.c-rate
testing  has been founci, a l though irraciiations  zit
elc’vated  temperature increase the damage  at hiSh
close  rate,  [3,4] and may ultimately prove useful
as a screcnir)s or testing methcd,

l;urtber  complicating this issue ale differences
in fabrication rncthocls  ancl cicvice  structures that
are usec] irl different bipolar technologies, along
with the fact that s[wcific circuit  CicsiSrt
tech[liqoes  earl mask or etlhance the effect of
changes iJl internal transistor gain on the net
clcxtt-ica]  properties of the circuit. l’his  paper
adcis aclciit iona] in forrnatior~ to the ]OW close-rate
problem in bipolar technologies, presenting data
at close rates as low as ().001 racl(Si)/s. New
lC. SUltS a r e  reportcc] f o r  clevices with sllpcr-fl
trallsistc)rs,  as well as fol c{evices  wit}l inte.grateci
J1’1;’1’s. ‘1’he e f f e c t  o f  e]cv:ttcd  ternpcraturc
irmcliat  ion on close-rate effects is also
invcxtigmcl  for specific device types that exhibit
very ]argc cnhancccl  clarna:e factc)rs  at low close
I“atc.

/’(lt)t-ic([iio/]  7’cchnofo,gies  crtd Circl[it  I~csi,qtz

A  rlurnbcr  c)f clifferent  r~~ethocis arc USC.CI tc~
fabricate bi~)olar clevices. ‘1’hcSc  fabrication
Il]cttlocls  affect not c~n]y :C.ornc[ry and Clopins
levels, but also the oxic!es that are present in the
vicitlity  c)f the emitter-base junction of bipolar
transistors. C)lclcr Iinc.ar  IC.s use. a thick isolation
oxicic  that covers the entire wafer, and is subject
—_— ——

to al] high-temperature processing and diffusion
steps except the formation of the buried layer.
Newer devices with oxide siclewall  isolation use a
locally grown oxide for sul-face isolation, similar
to the ficlcl  oxiclc  usecl in CMOS technologies,
ancl tre)lch  isolation for lateral isolation of the
collector.

These fabrication ciiffercnces further
complicate the problem of enhanceci low CiOSe  -
rate ciamage.  Some technologies are no longer
sensitive to cicme-rate effects below 10
raci(Si)/s,  [7) while others are still  affected everl
below 0.005 raci(Si)/s. The magnitude of the
ciarna~e also varies with technology. ‘J’he  pnl I
trarlsistc~ls  ill o l d e r  cievice.s  Ioay cle Sracic by  P
factor of ten or more at 10 kraci(Si),  wi~i]e other
device types in rle. wcr technologies may ha\c
relatively small changes in gain, even  at ]cveis
above 100 raci(Si).

I)iffctcnces  in circuit clesi:n can ha\c  a large
influence on the, importance of dose-1-atr effects
o n  s p e c i f i c  clevices.  I;or opc~ationa] arl)p]ifiers
anti Conlparators with basic input designs,
charlges in input bias current approximately
track gain clcgraclation  of the input transistor.
l]owcver,  many linear devices LISC more complex
clesisns, causing critical input parameters t c)
ciepenc] c)n nlatcbing  o f sever-al cliffemnt
transistor types in the input stage, Such cicsi:ns
may exhibit nonlinear chan:es  with irlcreasin:
]rVe]S of raciiatic)n,  as well as much larger unit-to-
unit variability in racliatior]  behavior t}lan mc)re
basic ciesigns.  F o r  exarnp]e, l;ig.ure  1 silows the
clcpencience  of irlput bias Curtcrlt  C)f the C) I’-27
o])-arnp on totai  clcm at a high ciosc rate. ‘l’he
input currerit  clepcncls  orl the balance bet\vecn an
internai cut-r-en t source, using lateral  pnp
tr-ansistc)rs,  anti the brrsc  current c)f ttlc rlpn input
tratlsistc)r.  Orle of seventeen u[tits that were testcci
exhibited a very large  ehar]:e in bias currcilt  at
lC)W total close levels. It is likeiy that this unit
wouid exhibit even more difference from
“typical” cicvices under 1 o\\’ ciosc-rate
conciitic)ns, wilcrc  pnp Ciegl-aclatic)n  is typically
much Iarge, r than that of npn clcvice. s. ‘I”he  poinl
is that linear intcgratec]  circuits are complex

* IIc work described in this paper was canied  out bytllc Jct l’repulsion
I.abcrra(crry,  Catifcrnlia Institute of-l’echaolop,y,  rrndcr contract with,thc
N:ttior)al AcronaLltics  ar~d Space  Adrr~inistration Code Q. Work fundedby
the NASA Microclcclronics  space [{ad ia!ion Effects I’rogram  (MSRILP).
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It may be difficLlit  [o i n t e r p r e t  t h e
of enhanced damage on the. il-

pcrfolnmncc because of circuit design factors,
even if t}]e basic behavior of internal transistors is
well understood. circuit  effects are closely
linked  w i t h  t h e  enhancccl  damage problcm,
particLl]nrly  for lillcar integrated circuits.

New ~<CSl([tS U( Vft:s l.o\tI ])os(? hle

‘J’he 1 (MA is a precision op-amp with low
iop Ll[ offset current ancl bias current that is
\videly used in space s y s t e m s .  ‘1’ests  of the
1.h41 (NA op-amp  at high dose rate have shown
that only slight  parametric changes typically
occ Llr, rroci that input offset volt:i~e and output
drive cuuent remain  within acceptnb]e  limits cvef)
at IO() krad(Si).  ]lowever,  recent tests  at very low
C]OSC’ rate show that the input CLItI-CntS  of the
l,M 10~A, which primarily depencl on the gain of
the input sLlpcr-13 transistor, al-c also affected by
dose rate. When the change in input bias current
is plotted vs. total close, the slope increase at high
total dose levels. As shown in Fi:Llrc ~, this slope
Ctlange occurs at much lc)wer levels  when tile
de\’icc  is tested at low close rates. At 0.002
rad(Si)/s, the slope change occLlrs at
apptoxill~atc]y  10 ktad(Si).  (’1’hcse  tests are s t i l l
in progress, al)cl will be cxtcocled  to > 40 kracl(Si)
for the fil]al paper, along with results for a
second manufact Llre I ), ‘1’hc chm:e i n  slo~)e
Ina:nifies the effect of increased dan]agc  at low
dose rates 011 this device.

Special measurement of the interl)al  cul~rent
so Llrce of the 1.M IOg A were also made at various
dose rates. “l’he culrent  soLlrcc  uses several
d i ffemnt components, iocludil]g lateral  pop
[l-an sistc)rs,  slid its pcrfol-mancc may provide
insi:ht inlo intcrna] circuit marpins arl(l

performance. that are not e\Jidcnt f 1“0 111

measurement of nornla]  input specifications
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vs. l’otal  I)osc al Several I)ose Rates

};igure  3 compares current soulce cle:raclation
at  three  dose rates. IJegraclation  i s  f a r  more
severe at low dose rates. ~’hc culrcnt dccrtxrses,
lowering the emitter current of the input
transistor. Ilventoally  the circLlit  margin \vill be
affected, which rlMy cnL]sc abrupt changes in
othcl  parameters, such as input offset voltage and
open -]ool) gain. C:urlent  dcSr-:iclation  f o r  t}lc
second nlal)ufactLlrer  at lo\v close rate was ver-y
s i m i l a r  t o  the rcsu]ts  showt) in I:igurc 2; these
results will be shown in the final paper,  arid
fort]ler :inalyzcd t o  dctcrmirlc  i f  t h e y  zrrr
effective precursors of rlolilincar-  or catastrophic
circuit performance in these clevices.
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Althou~h  input bias current is a very usef~l]
palamctcr t o evaluate input transistor
degradation, it is gcncral]y not as important as
input offset voltage in typical circ Llit applications.
l;igule 4 shows the very ]ar:e clif’ference  in the
behavior of input offset voltage of the 1.M324 at
low dose rates. Only slight changes occurred irl
inpLl(  offset voltage at 0.005 rad(Si)/s, similar to
the results obtainecl  at high dose rate. }Iowever,
when devices were tcstecl  at a slightly lower dose
rate, the r-csults  were clramatically  d i f f e r e n t .
input offset voltage changed by very large
values. Additional tests  at 0.001 rad(Si)/s  arc in
progress for LWO different manufacturers of the
IMI  24/324  [o extend the data to even lower dose
rates, as well as to compare effects in this cicvice
frorrl two ciifferent  manufacturers. Very low
close-rate tests are 01s0 in progress for a scconcl
device type, the 01)42.  (J1lUI’  input), which also
exhibited large  changes in offset voltage at low
(iosc rates. “1’hcse  results will be included in the
final paper, alorl,g with an ana]ysis of t}le  circuit
design factors that cause such abrupt clifferences
in response at very low dose. rates.
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lrrzrcliation  at elevatccl  temperature increases
the dama:c  in bipolar structLrres  that are serrsitivc
to dose. rate, proviclins a potential alternative to
]cn:thy irradiations at low dose rate. l;leetwood,
et al., initially prc)posecl  irrac]iation  at GO ‘C. [2]
More recent work by Schrimpf, et al. investigated
a wider ran~, e of temperatures, usirr:, hi:, h dose

rate (100 rad(Si)/s).  [3] This work was promising,
but the damage continued to increase at elcvatecl
temperature, and did not oppear to level off, even
at 125 “[:. ‘1’his  is a very high temperature, which
is bcyollc]  the temperature ratin:  of some parts
that are now being considered for fLrture space
applications. I t  poss ib l e  tha t  even hiSher
temperatLlrcs may be rcquirecl  for otht:r
processes.

One alternative is to irradiate devices at a
somewhat lower dose rate. ‘1’his  mny allow a
lower tenlpcratLrre to be used, while still allowing
tests to be comp]e.ted in hoLlrs or days instend  of
the months that arc required to do tests at very
low dose rates. ]n order to investigate this, a
series of experiments were clone usin S 1.M 1 1 1
comparators manufactured by National
Semiconductor-. l’hese devices have been shown
to have a very strong dose-rate clependcncc,  wi(h
the addit ional  da vantage ttlat very simp]e
measurements can be used to dctcrlrlir)e  the gain
of the substrate pnp input transistor. 3’WO dcviccs
from the same lot were irradiated uncler  each
condition. Results of the pairs of devices
generally agreed within about 10%.

l;igure 5 shows the. effect of ir-l-adiatins
clcvicc.s  at a more modest close rate, C rad(Si)/s, at
varic)us  temperatures. I,ow dose-rate data (at
room temperature) is also sl]own for comparison.
lrmadiations  at CO “C are still well belo\v  the low
close-rate results, but irradiating the devices at 90
0(: predicted results that are reasc)nably  close to
the clrrta  at low close rate.
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A series of irradiations at 90 ‘C were done at
several dose rates in order to investigate dose-rate
depcmience. These results are shown in Figure
6, “I’lledalllage  isn~Llch  ]owerat  50rad(Si)/s,  and
clearly this tenlperotLlre  is far too low to allow
reasonable simulation of low dose-rate effects.
~’hcciamagcis  much largerat 6rad(Si)/s,  anci it is
only slightly greater at 1 raci(Si)/s.  q’his  sLlggests
that the temperature depencience  is beginning to
Ievcl  off, and that it may be possible to LISC lower
ciose rates and more modest temperatures
simuiatc e f f e c t s  a t  l o w  dose rate.
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I~isc~f.ssion

Altilough the initial results are promisin:,
ili:h-temperature irradiation adds still another
(iimension  to a complex technical problem. “l’he
ec]Llivaler~ce  of high -temperatLlre irradiation and
ir-raciiation  at IC)W dose rate must be carefully
cval Llatcci  before  iligil  ciose-rate  irraciiations  c a n
bc use(i. It is also possible that the appropriate
tcn~pclatL1l-e  anti dose rate may ciepenci  on the
specific process. It may also work for only some
ptoccsscs.  Nevertheless, it remains an intrig Lling
tecl~nic]Lle witil high payoff if it can eliminate the
need for’ extremely lengthy irra(iiations. “J’hc
current interest in cornme.rcial technologies anti
the possibility that cleviccs  with plastic packages
may everlt  Llally be useci in space provide. acicic.ci
impetus to investigating:, tim feasibility of Llsing
[cmpcraturcs wcil b e l o w  125 0{: f o r  ciamagc
acccicratioll.

lixtenciinS  low close-rate results at roorl~
temperature to even lower dose rates is also
important, Some cle.vices clearly rernairi sensitive

to dose.-ratc effects even at dose rates in the ran Se
of 0.002 to 0.01 ra(i(Si)/s, It is important to
deterriline  how low tile dose rate must be in orcic r
for damage to be inciepencient  of dose rate.,. It is
also important to determine why some (ieviccs,
such as tile 1.M324,  exilibit sLIcil iar:c
differences ill response with relatively small
changes in ciose  rate. It is unlikely ttmt  lar:e
differences are occurring in gain ciegra(iatiori
IIowever,  i t  i s  impor t an t  t o  improve  o L r r
understal]ciing  of circuit- reiateci factors tilat  can
app:irently  enhance the importance of small
differences in gain degradation. “1’ilis  will be
discusseci  in cic.tai] in the fuil paper.
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